The inhibition of carbohydrate-protein interactions by tailored multivalent ligands is a powerful strategy for the treatment of many human diseases. Crucial for the success of this approach is an understanding of the molecular mechanisms as to how a binding enhancement of a multivalent ligand is achieved. We have synthesized a series of multivalent N-acetylglucosamine (GlcNAc) derivatives and studied their interaction with the plant lectin wheat germ agglutinin (WGA) by an enzyme-linked lectin assay (ELLA) and X-ray crystallography. The solution conformation of one ligand was determined by NMR spectroscopy. Employing a GlcNAc carbamate motif with R-configuration and by systematic variation of the spacer length, we were able to identify divalent ligands with unprecedented high WGA binding potency. The best divalent ligand has an IC 50 value of 9.8 µM (ELLA) corresponding to a relative potency of 2350 (1170 on a valencycorrected basis, i.e., per mol sugar contained) compared to free GlcNAc. X-ray crystallography of the complex of WGA and the second best, closely related divalent ligand explains this activity. Four divalent molecules simultaneously bind to WGA with each ligand bridging adjacent binding sites. This shows for the first time that all eight sugar binding sites of the WGA dimer are simultaneously functional. We also report a tetravalent neoglycopeptide with an IC 50 value of 0.9 µM being 25 500 times higher than that of GlcNAc (6400 times per contained sugar) and the X-ray structure analysis of its complex with glutaraldehyde-cross-linked WGA. Comparison of the crystal structure and the solution NMR structure of the neoglycopeptide as well as results from the ELLA suggest that the conformation of the glycopeptide in solution is already preorganized in a way supporting multivalent binding to the protein. Our findings show that bridging adjacent protein binding sites by multivalent ligands is a valid strategy to find high-affinity protein ligands and that even subtle changes of the linker structure can have a significant impact on the binding affinity.
Introduction
Multivalent interactions are frequently observed in biological systems where they govern important recognition processes. 1 Carefully studied examples include the adhesion of influenza viruses to bronchial epithelial cells, 2 adhesion of uropathogenic Escherichia coli strains to urethral endothelial cells, 3 neutrophil-endothelium interactions during the inflammatory process, 4 the binding of cholera toxin to gangliosides GM1 on cell surfaces, 5 and the binding of transcription factors to multiple sites on DNA. 6 Multivalent interactions are characterized by the simultaneous binding of multiple epitopes of one entity (molecule, surface) with several binding sites of another and are responsible for the enhancement of weak interactions both in solution and at interfaces. Furthermore, they result in binding kinetics different from monovalent interactions 7 and provide a means for the fine-tuning of such processes.
Many examples of multivalent binding involve the interaction between carbohydrates and proteins. 8 In these cases, increased binding affinity due to multivalency has been termed the cluster glycoside effect. 8e, 9 Multidentate carbohydrate ligands are of significant medical interest in the diagnosis and inhibition of such processes or as effectors of signal transduction pathways. 8c,10 The enhancement of binding affinity toward target proteins as a result of ligand clustering can be remarkable and has been determined by different types of binding assays. 9 In many cases, however, the molecular principles of how binding enhancement is achieved are not well understood. Several mechanisms can account for the observed binding enhancements.
10i,11 Generally, the highest contribution is attributed to the chelate effect, that is, the spanning of adjacent binding sites by the multivalent ligand. It is obvious that the nature of the spacer between the binding epitopes, especially its conformation and flexibility, strongly influences the ligand's chelate formation capability. However, significant binding enhancements are also observed in cases where the spacer is too short to allow spanning of adjacent binding sites. In these cases, other mechanisms are assumed to be operative. One of them is statistical rebinding, that is, the rebinding of epitopes before complete dissociation of the complex due to high local concentration of epitopes. Often, cross-linking of proteins by the multivalent ligand leading to lattice formation is observed. 12 While this process has been studied in detail, the mechanisms of the often associated enhanced binding affinities are less well understood.
Structural information on multivalent carbohydrate-protein interactions with atomic resolution is rare. Cross-linking of lectins by multivalent ligands has been observed for galectin-1 13 and concanavalin A dimers, 14 monomers of the carbohydrate recognition domain of DC-SIGN, 15 and BC2L-A dimers. 16 The only examples of lectin structures with bound ligands that span several binding sites of a single (oligomeric) lectin stem from the AB 5 family of bacterial toxins. Kitov et al. designed a decavalent ligand, named STARFISH, for Shiga-like toxins with subnanomolar binding potency. 17 Deviant from the original design, crystal structure analysis revealed that the ligand is sandwiched between two toxin B pentamer molecules. The pairs of trisaccharides at the tips of each of the five spacer arms connect pairs of opposite B subunits of the two toxin pentamers. Similar binding modes were observed for penta-and decavalent ligands for the cholera toxin, a closely related AB 5 bacterial toxin. 18 Divalent inhibitors of the cholera toxin B pentamer were shown to have high potency without the ability to span two binding sites. 19 Recently, we introduced a diversity-oriented approach for the combinatorial synthesis and screening of multivalent lectin ligands with varying scaffold architectures. 20 In this approach, termed spatial screening of multivalent lectin ligands, cyclopeptides serve as scaffolds for the presentation of carbohydrate epitopes. From screening of a one-bead one-compound library of almost 20 000 cyclic neoglycopeptides, we were able to identify several tetra-to hexavalent wheat germ agglutinin (WGA) ligands with strongly increased binding potencies compared to monovalent N-acetylglucosamine (GlcNAc). 20b We concluded that it is the spatial presentation of the GlcNAc residues on the cyclic peptide scaffolds that is responsible for their high affinity.
WGA is a plant lectin that that is enriched in the seeds of Triticum Vulgaris and exists in three closely related major isoforms, WGA1, WGA2, and WGA3. It is specific for terminal N-acetylneuraminic acid and GlcNAc and has been shown to inhibit fungal growth through interaction with fungal cell-wall components 21 and to agglutinate transformed cells in Vitro.
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WGA forms a 36-kDa stabile homodimer with a twofold symmetry axis. 23 Each polypeptide chain forms four hevein domains (43 residues each), A-D. The carbohydrate binding sites were already analyzed by cocrystallization of the protein with sialyl lactose (Neu5Ac-R(2,3)-Gal-(1,4)-Glc) 24 and with a sialoglycopeptide. 25 Furthermore, carbohydrate-protein interaction was examined by soaking of glutaraldehyde-cross-linked WGA crystals with N,N′-diacetyl chitobiose (GlcNAc-(1,4)-GlcNAc), 23a,26 GlcNAc-(1,6)-Gal, 26b and GlcNAc-(1,6)-Gal-(1,4)-Glc. 26b Combined evidence from these investigations revealed eight functional sugar binding sites per WGA dimer (four unique sites due to the twofold symmetry axis). However, simultaneous occupancy of all eight sites has not been observed in a single crystal structure. A binding site for GlcNAc or -(1,4)-linked GlcNAc oligomers 27 is formed by each hevein domain via a cluster of three conserved aromatic residues of which the second is stacking to the sugar ring. Binding is complemented by polar residues from an adjacent domain of the other chain which provides hydrogen bonds. The sites can be adequately labeled as pairs of capitals (each followed by the number of the polypeptide chain it belongs to) indicating the hevein subunit which provides the aromatic residues and the polar residues, respectively. In D, the polar residues are absent, so that the sites are A1, B1C2, C1B2, D1A2, A2, B2C1, C2B1, D2A1. The binding sites involving A and D exhibit lower affinity as those formed from B and C. 27 Consequently, the sites involving the B and C domains have been termed "primary" binding sites and the ones involving the A and D domains "secondary" binding sites. The secondary binding sites are generally assumed to bind carbohydrates with an affinity too weak to be detected in solution.
Out of the WGA ligands identified by our spatial screening procedure, 20b tetravalent neoglycopeptide 1 (Chart 1) showed an unprecedentedly strong increase in WGA binding potency by a factor of 1440 (360 per sugar residue) compared to monovalent GlcNAc as determined by an enzyme-linked lectin assay (ELLA). 28 In this assay, the concentration of ligand leading to an inhibition of 50% of the binding of horseradish peroxidase-labeled WGA to GlcNAc residues covalently immobilized to microtiter plates (IC 50 value) is determined. Assuming that the spatial presentation of the GlcNAc residues on the cyclic peptide scaffold is responsible for its high affinity, variation of the length and flexibility of the spacer between the GlcNAc residues and the peptide backbone of 1 is expected to strongly affect the IC 50 value of 16 µM of the glycocluster.
In this report, we describe the synthesis of cyclic neoglycopeptide 2 (Chart 1) with a spacer length reduced by five bonds. In contrast to 1, the GlcNAc residues in 2 are R-glycosidically linked to the peptide scaffold. The new ligand 2 exhibits an improved IC 50 value of 0.9 µM that is 25 500-fold lower than that of GlcNAc (or 6400-fold on a valency-corrected basis). To reveal the structural basis of the enhanced WGA binding affinity of 2, we prepared a series of mono-to trivalent GlcNAc derivatives containing the glycosyl carbamate motive found in 2 separated by different spacers. WGA binding affinities were determined by ELLA. Systematic variation of spacing identified the optimal distance between GlcNAc residues to span adjacent binding sites in WGA. The best divalent ligand has an IC 50 value of 9.8 µM which is even lower than that of tetravalent glycopeptide 1. We also report a high-resolution crystal structure of the complex between a divalent ligand and the lectin. In this structure, four pairs of adjacent binding sites are bridged by four molecules of the divalent ligand. This is the first structure of WGA in which all eight binding sites are occupied. In addition, it is the first example of a crystal structure of a lectin in complex with several chelating multivalent carbohydrate ligands. Furthermore, we report the crystal structure of the complex of tetravalent neoglycopeptide 2 and WGA obtained from a soaking experiment. Comparison of the peptide conformation seen in the complex with the NMR-derived solution structure of 2 suggests an explanation for the high affinity of the glycopeptide. 29e We now report conditions for the stereoselective synthesis of GlcNAc-derived p-nitrophenyl carbonate 5 in high yield (Scheme 1). Peracetylated GlcNAc 3 was selectively deprotected at the anomeric center using the method of Kováč. 30 Resulting 4 exists according to 1 H NMR analysis (CDCl 3 ) as mixture of anomers (R/ ) 9:1). Treatment with p-nitrophenyl chloroformate and triethylamine in dichloromethane exclusively led to R-glycosyl carbonate 5 in a yield of 92%. Since 5 slowly decomposes during column chromatography on silica gel, it was essential to use a short column and avoid prolonged contact of 5 with the silica gel.
Results and Discussion

Synthesis of
To probe the effect of the length and flexibility of the spacer between the GlcNAc residues and the peptide backbone of 1 on the WGA binding affinity, we synthesized neoglycopeptide 2. The carbohydrate-peptide spacer of 2 is shortened by five bonds and also is less flexible due to the missing butene-diol moiety. Furthermore, the GlcNAc residues are R-glycosidically linked to the peptide scaffold leading to a different spatial orientation of the sugars. It is known that WGA binds both Rand -glycosides of GlcNAc with similar affinity. 31 Synthesis of 2 started from TentaGel resin 6 loaded with -alanine via the Sieber linker 32 (Scheme 2). Assembly of linear peptide 7 followed the Fmoc strategy; 33 solely in the last coupling step an N R -Boc-protected amino acid (Boc-Lys(Aloc)-OH) was applied. Removal of the Aloc group and cleavage of the allyl ester were achieved by treatment with [Pd(PPh 3 ) 4 ] and borane dimethylamine complex. 34 Subsequent addition of a mixture of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), 35 1-hydroxybenzotriazole (HOBt), and Hünig's base (EtNi-Pr 2 ) gave cyclic peptide 8.
We found that usage of resin with a low loading (0.2 mmol g -1 ) is crucial during the cyclization step. Only in this way, it was possible to obtain high yields of cyclic peptide as determined by a test cleavage from a small sample of resin 8. With higher resin loadings, we were not able to cleave any material from 8 by treatment with 1% TFA. A plausible explanation for this observation is the "intermolecular" reaction of peptide molecules during the cyclization step leading to a solid phase-bound peptide polymer. At lower resin loadings, cyclization of single linear peptides is preferred, an observation which is referred to as the pseudodilution phenomenon.
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Cleavage of the 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)isovaleryl (Ddv) groups 37 that were used to mask the γ-NH 2 groups of D-diaminobutyric acid (D-Dab) was effected by batch-wise treatment with a 4% solution of hydrazine hydrate which turned out 20a to be advantageous over the literature-recommended 37 2% solution. Subsequently, the GlcNAc residues were attached by addition of glycosyl carbonate 5 (3 equiv. per free NH 2 group) in the presence of Hünig's base until Kaiser 38 and TNBS test 39 indicated the absence of free amino groups. Finally, the peptide was cleaved from the resin with 1% trifluoroacetic acid (TFA) and deacetylated to give 2. It is important to carry out the deacetylation after cleavage from the resin because the glycosidic bond of the deacetylated sugars is not completely stable under the acidic conditions used for cleavage of the peptide from the resin. 20a,40 A series of mono-to trivalent GlcNAc derivatives containing the R-glycosyl carbamate motive found in 2 was obtained by conjugation of carbonate 5 to commercially available amines 10-14 (Scheme 3). Couplings were carried out in dichloromethane in the presence of Hünig's base to give carbamates 15-19 in very good yields. Deprotection by treatment with EtNMe 2 in MeOH or under Zemplén conditions 41 yielded glycoclusters 20-24 (Scheme 4).
As detailed below, binding of neoglycopeptide 2 to WGA occurs by spanning adjacent binding sites through the two GlcNAc residues bound to D-Dab residues in position 4 and 5. Therefore, we also prepared the divalent glycopeptide 28 representing this substructure of 2 (Scheme 5). Starting from Fmoc-protected Rink Amide polystyrene resin 25, two D-Dab residues were coupled by the Fmoc strategy followed by replacement of the N-terminal Fmoc group with an acetyl group. Ddv removal, sugar conjugation, and cleavage from the resin with concentrated TFA gave divalent glycopeptide 27 which was deacetylated to yield 28.
Binding Assays. WGA binding potencies of the synthetic ligands were measured in terms of IC 50 values for the inhibition of binding of horseradish peroxidase-labeled WGA to a GlcNAc derivative covalently immobilized to microtiter plates using an ELLA developed earlier. 28 As listed in Table 1 , monovalent ligand 20 has an affinity similar to that of -allyl glycoside 29 within the margin of error of the ELLA. Therefore, we conclude that it is not the anomeric configuration or the glycosyl carbamate structure that is responsible for the strongly increased binding affinity of glycocluster 2 compared to 1 but rather the altered spatial presentation of the sugars on the peptide scaffold and/or the reduced flexibility of 2. The potency of 23 is even better than that of trivalent 24 which has the same spacer length between two GlcNAc moieties as 21. Possibly, this linker length is not sufficient to span adjacent binding sites of the lectin. To gain more insight into the structural details of multivalent binding to WGA, we determined the crystal structure of several WGA-ligand complexes. All structures were solved by molecular replacement.
Crystal Structure of WGA1 in Complex with Propyl
Carbamate 20. We first determined the structure of WGA1 in complex with propyl carbamate 20 by cocrystallization (WGA1∼20, PDB ID: 2UWG). This structure served as a reference for structures of complexes of WGA with multivalent ligands by allowing to assess whether the scaffolds of the multivalent ligands have any unfavorable impact on the sugar binding mode. The crystals belonged to space group P3 2 21 and diffracted to 1.6 Å resolution ( Table 2 ). The structure was refined to an R (R free ) factor of 19.6% (23.2%). One WGA1 homodimer was found in the asymmetric unit with a conformation identical to unliganded WGA1 (PDB ID: 7WGA 24 ). All high affinity sites B1C2, C1B2, B2C1, and C2B1 of the WGA1 dimer were found occupied with one molecule of 20 (Figure 1A and Figure S4A ). Because of a crystal contact, site A1 could not accommodate a ligand. At the low affinity sites D1A2, A2, and D2A1, blobs of F o -F c difference electron density were found after molecular replacement, too big to be water. However, fully occupied molecules of 20 could not be placed there unambiguously. Nevertheless, in cocrystallization experiments with higher concentrations of 20 (50 mM), all sites except A1 were found occupied (data not shown). Comparison with the structures of the complexes of WGA3 with GlcNAc-(1,4)-GlcNAc 26b and WGA1 with GlcNAc 42 shows that binding of 20 to WGA1 is almost identical to GlcNAc binding ( Figure  1B ).
Crystal Structure of WGA3 in Complex with Divalent
Ligand 23. WGA3 in complex with divalent 23 (WGA3∼23, PDB ID: 2X52) crystallized in space group R3. Crystals diffracted to 1.7 Å ( Table 2 ). The single crystal used for data collection was merohedrally twinned, with a twinning fraction of 0.44. The model could be refined to a final R (R free ) factor of 15.8% (17.1%). One WGA3 dimer was found in the asymmetric unit in identical conformation as in WGA1∼20, except for the minor sequence differences between the WGA isoforms 1 and 3.
All eight proposed carbohydrate binding sites of the WGA3 dimer 27 were found occupied by the GlcNAc-carbamate moieties of four molecules of 23 with each divalent ligand spanning pairs of adjacent binding sites ( Figure 2 and Figure S4B ). This shows for the first time that all sugar binding sites of the WGA dimer are simultaneously functional. The arrangement of the GlcNAc moieties in the sites is the same as in the WGA1∼20 structure. Two divalent ligands bind to the high-affinity site pairs B1C2-C2B1 and B2C1-C1B2, respectively. The conformation of the linker region of these ligands is well-defined but differs for the two ligands ( Figure 3 ). The differences are likely due to participation of the former ligand in a crystal contact ( Figure  3A ). Residues Arg-139 and Gln-6 from polypeptide chain 1 of a crystallographically related WGA dimer form hydrogen bonds to carbamate oxygens at both ends of the linker region. Being constrained in this way, the linker region adopts a distinct conformation, which allows interaction with Trp-107 of chain 2 via water coordination. The linker region of the divalent ligand at site pair B2C1-C1B2 ( Figure 3B ) does not interact with protein residues at all. Its fixation via carbohydrate-WGA interaction is apparently sufficient to define its conformation. This conformation should, thus, be relevant for protein-ligand interaction in solution. Linker regions from ligands bridging low affinity binding sites (Ax, DxAy) show only weak electron density. In this case, the middle part of the linker could not be modeled ( Figure 2 ). This indicates higher static or dynamic disorder of these linker regions, possibly due to the smaller binding affinity of the GlcNAc-carbamate moieties compared to ligands at high-affinity binding sites. Nevertheless, intermolecular bridging to symmetry-related bindings sites of adjacent WGA dimers can be excluded because of the arrangement of binding sites.
Crystal Structure of WGA1 in Complex with Tetravalent
Cyclic Neoglycopeptide 2 (WGA1∼2, PDB ID: 2X3T). Glutaraldehyde-cross-linked WGA1 crystals were soaked with cyclic tetravalent glycopeptide 2. The crystals belonged to space group P2 1 and diffracted to 2.75 Å. The structure was refined to a final R (R free ) factor of 22.9% (28.5%) ( Table 2) . Two WGA1 dimers were found in the asymmetric unit. The polypeptide chains of the first dimer were designated as 1 and 2, the polypeptides of the second as 3 and 4. Eleven out of 16 possible sugar binding sites of the two dimers were found occupied. The remaining five sites were obstructed by crystal contacts. At the occupied sites clear electron density extended beyond the anomeric oxygen of the GlcNAc moiety and the complete GlcNAc-carbamate moiety could be modeled. Moreover, at two pairs of the occupied sites, namely, B1C2-C2B1 and B3C4-C4B3, the complete glycosylated D-Dab residues 4 and 5 of two cyclic neoglycopeptides 2 are visible ( Figure 4 and Figure S4C ). These glycosylated dipeptide subunits of 2 bridge the site pairs in a similar way as does the divalent ligand in complex WGA3∼23 ( Figure 5 ). The conformation of both of these dipeptide subunits is identical within the limits of experimental data. Further ) at site C1B2. 20 and interacting WGA chain 1 residues are colored gray; interacting WGA chain 2 residues are dark blue. GlcNAc and interacting WGA chain 1 residues are colored green; interacting WGA chain 2 residues are light blue. The digits behind the residue numbers designate the WGA chains 1 and 2. Hydrogen bonds are indicated as magenta lines. modeling of the cyclic peptides is impossible indicating that a multiplicity of conformations flattens the electron density map. The binding mode of the ligand's GlcNAc-carbamate moieties is identical to the binding mode of glycosyl carbamate 20 and the GlcNAc-carbamate moieties of divalent compound 23. There are no interactions between the protein and the carbamate groups or the peptide part of the ligand.
Comparison of Linker Lengths in Spanning Ligands. The divalent ligands 21, 22, and 23 differ in their spacer length with 10, 17, and 18 single bonds, respectively, between the anomeric oxygens. The somewhat meandering appearance of the linker region seen at the high affinity binding site pairs in complex WGA3∼23 and the missing electron density for the linker at the low affinity site pairs suggest that the linker is slightly too long. This is supported by the significantly higher binding potency of compound 22, whose linker is one bond length shorter than in compound 23 (Table 1) . Superposition of the structures of the linker of bound divalent 23 and the bridging dipeptide subunit of compound 2 reveals that the dipeptide fits even better to the architecture of the binding site pair ( Figure  5 ). This could contribute to the increased affinity of the cyclic peptide ligand compared to the divalent ligands 23 and 22. Two further glycosylated D-Dab residues are available in positions 2 and 7 of tetravalent peptide 2, which are separated from the WGA-binding sugar pair (residues 4 and 5) by D-valine residues. In the preformed environment of the cross-linked crystal, these cannot access binding sites. In solution, however, they may further enhance the binding affinity of 2 by interacting with additional WGA molecules. Indeed, addition of the tetravalent cyclic peptide ligand 2 to WGA solutions resulted in precipitation of the protein which indicates cross-linking of WGA dimers to higher oligomers.
According to Table 1 , the shortest of the divalent ligands, 21, apparently does not allow high-affinity chelating binding to WGA. This is supported by molecular modeling studies. Although it was possible to fit 21 in the crystallographically determined WGA structure in a mode bridging adjacent highaffinity sites without obvious conformational strain, even short molecular dynamic simulations (Tripos 5.2 forcefield 44 ) resulted in dissociation of one of the GlcNAc residues. Under the same conditions, the positions of the GlcNAc moieties of divalently bound 23 changed only marginally over a period of 50 ps (data not shown).
To test whether the substructure of 2 that is visible in the crystal structure (i.e., residues 4 and 5) alone is sufficient for high-affinity binding to WGA, we synthesized divalent dipeptide 28 (Scheme 5) and subjected it to the ELLA. An IC 50 value of 191 µM (rel. potency 120 over GlcNAc, 42 over 20) was determined, being even worse than that of divalent ligand 23 (Table 1) . Dipeptide 28 differs from tetravalent ligand 2 not only by lacking two sugar residues, but also in being more flexible. Possibly, the conformation of the cyclic peptide scaffold orients the side chains of the glycosylated D-Dab residues 4 and 5 in a way facilitating bivalent binding to WGA. To test this hypothesis, we determined the conformation of 2 in solution by NMR analysis and compared this structure with the fragment of 2 that is visible in the crystal structure.
Conformational Analysis of 2 by NMR Spectroscopy. The conformational analysis of 2 was based on a complete NMR resonance assignment which was obtained from homonuclear DQF-COSY, TOCSY, and NOESY, as well as heteronuclear 1 H-13 C-HSQC spectra (Table S1 ). TOCSY amide traces of 2 ( Figure 6A ) are well dispersed leading to unambiguous assignments of all backbone H N and H R protons as well as side chain resonances of Lys-1, Val-3, Val-6, Glu-8, and -Ala-9. However, the side chain resonances of the D-Dab amino acids and the signals of the four GlcNAc residues are heavily overlapped such that in most cases only average values could be determined. This indicates that the sugar-bearing D-Dab side chains and the sugar moieties themselves are, in the absence of WGA, solvent accessible, largely unrestricted, and sample many conformations which leads to similar chemical shifts for all four glycosylated side chains. A similar absence of chemical shift dispersion is also observed for the side chains of Lys-1 and Glu-8 that form the lactam bridge of the cyclopeptide suggesting that this part of the molecule has to be considered flexible, as well. In contrast to this, the chemical shift dispersion of the backbone resonances of 2 allowed for extracting a number of structural restraints.
A total of 25 structurally relevant, unambiguous interproton distances were derived from analyzing cross peak volumes of 2D NOESY spectra recorded with a mixing time of 50 ms (Table  S2) . Four of these were long-range (i.e., nonsequential) NOE contacts. In addition, four ambiguous distance constraints could be identified. Furthermore, the 3D structure of 2 is defined by four φ and five 1 torsion angle constraints that were obtained from 3 J HNHR and 3 J HRH coupling constants (Tables S3 and S4 ). In the case of φ torsion angles, direct J-coupling restraints were employed only if the 3 J HNHR coupling was >8 Hz resulting in only two similar solutions of the Karplus equation. 45 According to the presence of, in each case, one large and one small 3 J HRH coupling constant with sums of 15-18 Hz, the 1 angles of the D-Dab and Glu amino acids were restrained such that the g Figure  3A) . Nevertheless, this comparison is valid, because site pairs B1C2-C2B1 and B2C1-C1B2 are structurally equivalent due to pseudo-twofold rotational symmetry of the WGA dimer.
in the Glu residue. Long range and dihedral angle constraints are summarized in Figure S5 . We used the dedicated biopolymer force field of the AMBER software package 46 that provides highly versatile options for NMR-restrained structure calculations. Twenty conformers with low combined restraint violation were selected for further analysis. The statistics of the final structural ensemble is summarized in Table 3 .
Description of the Structural Ensemble. The ensemble of conformers of neoglycopeptide 2 can be grouped into three conformational families consisting of 9, 6, and 5 conformers, respectively, according to backbone rmsd values with respect to conformers with lowest restraint violation energy. The conformers of the dominant conformational family superimpose with an average rmsd of 0.65 Å with the member having the lowest restraint violations ( Figure 6B ). All amino acids adopt allowed backbone dihedral angles when considering that the energetically favorable regions in the Ramachandran diagram Here, dihedral angle combinations are present that correspond to R R , , , R R , and secondary structure, respectively, of peptides composed of L-amino acids. Stretches with the same secondary structure extending over more than two residues as well as turn conformations with distinct hydrogen bonding pattern are lacking.
Comparison to X-ray Structure. The X-ray structure of WGA1 in complex with neoglycopeptide 2 contains little information about the conformation of the cyclopeptide backbone. Only the fragment ranging from the amide nitrogen of D-Dab-4 to the carbonyl of D-Dab-5 is resolved in the electron density map. On the other hand, the solution structure does not report on well-defined conformations of the sugar-decorated side chains. They are conformationally unrestricted when the protein is not present (Figure 6C) . Thus, the two methods provide complementary information about the structure. To find out whether the solution conformation of 2, as determined by NMR, is compatible with its WGA-bound conformation determined by X-ray crystallography, we superimposed both independent structures. The solution structure was annealed onto the crystal structure by employing distance restraints (1 kcal Å -2 ) from all resolved C, N, and O atoms of the ligand fragment to the corresponding atoms of the NMR structure. These distances were minimized during short molecular dynamics simulations and subsequent energy minimization. The backbone conformation of the cyclopeptide was preserved during this fitting procedure by strong dihedral angle restraints (20 kcal deg -2 ). The members of the dominant NMR ensemble achieve an average rmsd of 1.31 Å without significant conformational strain of the GlcNAc decorated side chains documenting that the decisive fragment can adopt a similar conformation in solution and in complex with WGA ( Figure 7 ). This implies that cyclopeptide 2 is already preorganized in solution in a conformation suitable for the interaction of two GlcNAc residues with the protein thereby contributing to the high affinity of 2.
The structures of the second family of conformers superimpose with the resolved fragment in the crystal with an average rmsd of 1.22 Å again showing natural side chain conformations. The third conformational family would also allow a similar binding mode as found in the crystal (rmsd 1.30 Å); however, one member of this ensemble would be affected by steric clashing into the protein.
Conclusions
In conclusion, we have synthesized a series of multivalent WGA ligands and studied their interaction with the protein by an enzyme-linked lectin assay and X-ray crystallography. The solution conformation of one ligand was determined by NMR spectroscopy. WGA is a plant lectin that differs from most lectins by the fact that it has several binding sites per subunit that are distributed over the whole protein. The WGA dimer accommodates eight independent binding sites (four unique sites). Employing a GlcNAc carbamate motif with R-configuration and by systematic variation of the spacer length, we were able to identify divalent ligands with unprecedented high WGA binding potency. The best divalent ligand (22) has an IC 50 value of 9.8 µM corresponding to a relative potency of 2350 (1170 on a valency-corrected basis, i.e., per mol sugar contained) compared to free GlcNAc. This is the highest inhibitory activity of any divalent WGA ligand yet reported.
28,47 X-ray crystallography of the complex of WGA and the second best, closely related ligand 23 explains this activity. Four molecules of 23 simultaneously bind to WGA with each ligand bridging adjacent binding sites which are approximately 14 Å apart from each other (distance between the anomeric centers of bound GlcNAc moieties). To the best of our knowledge, this is the first crystal structure of a divalent lectin ligand binding in a chelating fashion. From this structure, it also becomes clear that the R-glycosidic linkage is a key feature of the spanning ligands. The axial glycosidic bonds of bound GlcNAc pairs point to each other facilitating the construction of a suitable linker. With -glycosidic linkages, a considerably longer linker would be required. Although it has been shown that WGA can bind to simple R-and -glycosides of GlcNAc with similar affinity (cf. Table 1 and literature 31 ), our X-ray structure suggests such -glycosidically linked divalent ligands to be less favorable to high-affinity binding for entropic reasons.
Binding to the four low-affinity (secondary) WGA binding sites has been reported to be too weak to be detectable in solution. Low occupancy of the secondary binding sites was also observed in the complex of WGA1 and monovalent propyl carbamate 20. The high binding affinity of divalent ligand 23, on the other hand, explains why in the complex WGA3∼23 all binding sites including the secondary ones are occupied. Thus, multivalent lectin ligands with suitable spacers can be a tool for generating crystal structures of multivalent lectins with lowaffinity binding sites occupied.
With an IC 50 value of 0.9 µM, the binding potency of the tetravalent neoglycopeptide 2 is 25 500 times higher than that of GlcNAc (6400 times per contained sugar). Comparison of the X-ray structure and the solution NMR structure as well as comparison of the IC 50 values of dipeptide 28 and divalent ligand 23 (Table 1) suggests that the backbone conformation of the fragment D-Dab-4-D-Dab-5 is already preorganized in solution to adopt a conformation suitable for bridging the high-affinity binding site pairs. However, the two additional GlcNAc residues contained in 2 allow for additional binding modes (spanning of binding sites by alternative GlcNAc pairs or cross-linking of several WGA molecules) that are likely to sum up to the observed high affinity.
The high-resolution crystal structure of WGA in complex with four molecules of a divalent ligand reveals that all binding sites of the WGA dimer are simultaneously functional. This is now the basis for the design of future high-affinity di-and higher valent WGA ligands. The structure immediately suggests that tetravalent ligands composed of two divalent units of type 22 interconnected by a linker can be envisioned that are either able to bind to four binding sites of a single WGA dimer resulting in even better binding affinity or could, for example, find application as lectin cross-linker. It is also obvious that even subtle changes of the linker structure (cf. 22/23) can have a significant impact on the binding affinity. Thus, combinatorial approaches such as our spatial screening procedure 20b that probe for linker length and flexibility are valuable tools for the identification of optimized multivalent ligands of proteins with unknown 3D structure.
Connecting ligands that can bind to different protein binding sites by a suitable linker is an established strategy in fragmentbased drug discovery aiming at improved association constants. 48 Our findings provide clear experimental evidence for the validity of this approach and show that high-affinity binding to a protein can be achieved by carefully designed ligands that are able to bridge several pairs of binding sites.
Experimental Section
General Methods. Solvents were purified by distillation and dried by usual procedures. Thin-layer chromatography (TLC) was performed on Merck silica gel 60 F 254 aluminum sheets. Compound spots were visualized by UV light and immersion in the appropriate stain followed by heating. Preparative flash column chromatography (FC) was carried out on Merck silica gel 60 (40-63 µm).
H NMR and
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C NMR spectra were recorded at 300 K on Bruker AC 250, Bruker Avance 400, and Bruker Avance DRX 600 instruments. N-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-r-D-glucopyranosyloxycarbonyl)-propylamine (15) . According to GP 1, 5 (50 mg, 0.098 mmol), CH 2 Cl 2 (1.5 mL), propylamine (7.3 µL, 0.089 mmol), and EtN(i-Pr) 2 19 (m, 4H; H-3, H-4), 4.53-4.51 (m, 2H; H-2 Tris- (2-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-r-D-glucopyranosyloxycarbonylamino)-ethyl)-amine (19) . According to GP 1, 5 (338 mg, 0.66 mmol), CH 2 Cl 2 (5 mL), tris-(2-aminoethyl)-amine (30 µL, 0.2 mmol), and EtN(i-Pr) 2 ) following standard Fmoc protocols. 33 Peptide couplings were performed in NMP using Fmoc-D-Dab(Ddv)-OH (2 equiv), HBTU (1.9 equiv), HOBt (3 equiv), and EtNi-Pr 2 (4 equiv). The N-terminal Fmoc group was removed with 20% piperidine in DMF (1 × 3 min, 1 × 15 min) and the resin was washed with DMF (10 × 1 min). The N-terminus was acylated with 10% Ac 2 O in DMF (2 × 15 min) followed by washing the resin with DMF (10 × 1 min).
Neoglycodipeptide (28). Resin 26 was deprotected by treatment with hydrazine hydrate/DMF (4:96) (6 × 5 min) and washed with DMF (10 × 1 min). After swelling for 10 min in EtNi-Pr 2 (3 equiv) in DMSO/DMF (1:3), the resin was treated with active carbonate 5 (4 equiv) and EtNi-Pr 2 (4 equiv) in DMSO/DMF (1:3) overnight and washed with DMF (10 × 1 min) and CH 2 Cl 2 . Cleavage from the resin was achieved by treatment with TFA/i-Pr 3 SiH/water (95: 2.5:2.5) (1 × 3 h, 1 × 1 h). The cleavage solutions were dropped into ice-cold tert-butylmethylether (10 times volume) and stored at -18°C overnight. Precipitated product was collected by centrifugation at 4°C and 4500 rpm for 30 min. The resulting pellet was resuspended in tert-butylmethylether and the centrifugation procedure was repeated. The pellet was then lyophilized from water to yield crude acetylated neoglycodipeptide 27. ) and the respective WGA ligand in varying concentrations. After incubation, the plates were washed and remaining labeled WGA bound to the reference ligand was quantified by an HRP-catalyzed color reaction using 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) as substrate. From dose-response curves for inhibition of the binding of HRP-labeled WGA to immobilized GlcNAc, the concentrations that reduce the binding of labeled WGA to the microtiter plates by 50% (IC 50 values) were determined as a measure of potency of the synthesized inhibitors. All tests were performed in duplicate.
Purification of WGA Isoforms. 50 WGA was purchased from Sigma as lyophilized powder. About 10 mg was dissolved in 1.5 mL of buffer A (100 mM Na acetate, 20 mM NaCl, pH 3.8). The sample was applied with a flow rate of 1 mL min -1 to a SP Sepharose cation exchange column equilibrated with 3 column volumes (CVs) of buffer A. The column was washed with 1 CV of buffer A. WGA isoforms were eluted with 100 mL of a linear gradient 0-100% buffer B (100 mM Na acetate, 500 mM NaCl, pH 3.8). Fractions containing either WGA isoform 1, 2, or 3 were pooled and concentrated with centrifugal filter devices (10 kDa cutoff) to a final concentration of approximately 8 mg mL -1 as determined by measurement of E 280 , using a theoretical extinction coefficient of 28 930 M -1 cm -1
, calculated based on amino acid sequence.
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Cocrystals of WGA1 with GlcNAc-Carbamate 20. During protein concentration, buffer was exchanged against crystallization buffer (20 mM Na Acetate, 6 mM CaCl 2 , 4% Ethanol at pH 4.9). Small volumes of a solution of 20 in crystallization buffer (0.1 M) were added to the protein sample at 8 mg mL -1 in order to reach a final ligand concentration of 7 mM. The samples were thoroughly vortexed and incubated on ice for 1 h. Crystallization was performed in hanging drop vapor diffusion setups using 1 mL reservoir solution R (0.04 M KH 2 PO 4 , 20% glycerol, 14-17% PEG 8000) and a drop size of 6 µL (4 µL protein solution + 2 µL reservoir solution). At 18°C, cocrystals appeared overnight with a size of up to 0.3 mm.
Cocrystals of WGA3 with Divalent Ligand 23. During protein concentration, buffer was exchanged against buffer B. Small volumes of a solution of 23 in crystallization buffer (0.1 M) were added to the protein sample at 8 mg mL -1 in order to reach a final ligand concentration of 1 mM. The samples were thoroughly vortexed and incubated on ice for 1 h. Crystallization was performed with hanging drop vapor diffusion setups using 1 mL of reservoir solution R and a drop size of 6 µL (4 µL protein solution + 2 µL reservoir solution). At 18°C, cocrystals appeared after 3 weeks with a size of up to 0.5 mm in the largest dimension.
Crystals of WGA1, Cross-Linking, and Soaking with Tetravalent Cyclic Peptide Ligand 2. During protein concentration of WGA1, buffer was exchanged against buffer B. Hanging drop vapor diffusion experiments were set up using 1 mL of reservoir solution R and a drop size of 6 µL (4 µL protein solution + 2 µL reservoir solution). At 8°C, crystals of WGA1 appeared overnight and had a size of approximately 0.1 mm. Soaking of WGA1 crystals with tetravalent ligand 2 was unsuccessful because the crystals cracked and dissolved upon addition of the compound. We therefore employed glutaraldehyde cross-linking. Crystals of WGA1 in complex with GlcNAc 42 were chosen, because of the large solvent channels present in this crystal form and because native WGA1 crystals were reproducibly twinned. The crystals were extensively washed in stabilizing solution (0.04 M KH 2 PO 4 , 20% (w/v) glycerol, 20% (w/v) PEG 8000) to remove GlcNAc. Cross-linking was performed using 25% glutaraldehyde in a microbridge, 52 with the exception that cross-linking was prolonged to 12 h at 4°C. Afterward, crystals were washed again in stabilizing solution and soaked by transfer to stabilizing solution containing approximately 0.2 mM cyclic peptide ligand 2. Crystals were soaked for 24 h at 4°C prior to freezing.
Data Collection and Crystal Structure Analysis. Crystals were mounted in cryogenic loops (Hampton) and frozen by plunging into liquid nitrogen. Diffraction data were recorded using an ADSC Q315r detector at beamline ID23-1, ESRF, Grenoble or using a MARresearch MX-225 CCD detector at beamline X06SA, SLS, Villigen. In all cases, data were collected at 100 K. A total of 360 frames per crystal were recorded with an oscillation range of 0.5°a nd an exposure time of 0.5 or 1 s per frame. X-ray wavelengths are listed in Table 2 . For all data sets, data reduction was carried out using the program XDS. 53 Data collection statistics are listed in Table 2 .
Structures were solved by molecular replacement with known WGA atomic coordinates, using the program Molrep. 54 As starting model, native WGA1 coordinates (PDB ID: 7WGA 24 ) or native WGA3 coordinates (PDB ID: 1WGT 23c ) were chosen. Ligands were only included in the model when unbiased positive F o -F c density was visible. The structures of WGA1 bound to compound 20 and WGA3 in complex with divalent ligand 23 were refined using the program Refmac. 55 The WGA3∼23 crystal was merohedrally twinned with the twin operator -h-k, k, -l and a twin fraction of 0.44, as detected by SFCHECK. 56 Ten percent of all recorded reflections were excluded for cross validation taking into account the twin operator to ensure that twin-related reflections are in the same set. Ligand restraints were generated using the CCP4i monomer sketcher, 57 Coot, 58 and the PRODRG server. 59 The structure of WGA1 complexed with the tetravalent cyclic peptide ligand 2 was refined with PHENIX 60 applying restrained positional refinement and TLS refinement. Five percent of recorded reflections were randomly set aside for cross validation. Restraints for the visible part of the cyclic peptide ligand 2 were generated using Coot and the CCP4i monomer sketcher based on the energyminimized NMR structure with least restraint violations. Electron density map inspection and model building were done using Coot. Geometry was validated and Ramachandran plot was calculated using the Molprobity server. 61 Distances were measured using Coot. Hydrogen bonding was analyzed using UCSF Chimera. 62 Figures containing protein X-ray structure representations were prepared using PyMol. 63 All molecular surface representations are solventexcluded (Connolly) surfaces, calculated with a probe radius of 1.4 Å.
NMR Spectroscopy. NMR samples contained cyclic neoglycopeptide 2 (3-5 mM), 0.05% NaN 3 Before NMR experiments were performed, the pH was readjusted to 5.0 with NaOD. NMR spectra were recorded at 300 K on a Bruker Avance DRX 600 spectrometer equipped with an inverse 5 mm TXI-H/C/N triple resonance probe with shielded z-gradients. Assignments and calculation of distance and torsion restraints were carried out with the help of standard 2D experiments that were detected according to the States-TPPI method in a phase sensitive mode. 2D spectra were typically recorded with 4k data points in F2 (1k to 1.5k data points in 13 C-HSQC spectra) and 256 or 512 experiments in F1, with 16-64 transients per increment. The TOCSY experiments were performed with a spinlock field of 10.0 kHz using the MLEV17 sequence with a mixing time of 100 ms. The WATERGATE scheme 64 was used to suppress the H 2 O resonances in 1 H, TOCSY and NOESY spectra. In 2D COSY spectra, H 2 O resonances were suppressed by presaturation of the H 2 O resonances. The spectra were processed with simple zero filling in both dimensions and referenced on TSP using Topspin 1.3.b.20. Cara 1.5.3 was used in order to extract distance restraints from NOESY spectra that were detected with mixing times of 50 ms. Mestrec 4.6.2.3 and Topspin 1.3.b.20 were used to extract coupling constants from DQF COSY spectra. These were translated into dihedral angle restraints with the aid of a Karplus relationship ( 3 J HH ) A cos 2 φ + B cos φ + C, parameters: A ) 7.9, B ) -1.55, C ) 1.35).
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Structure Calculation. All molecular dynamics (MD) simulations were performed using sander of the AMBER 8 package on a computer cluster (Transtec, 8 Opteron Dual-Core processors, 32 GB RAM, CentOS Linux). The simulations were done by combining parameters for the peptide backbone from the PARM94/ PARM99 force fields developed by Kollman et al. 66 with those developed by Woods and co-workers for carbohydrate structures. 67 As the structure calculations required AMBER-compatible topological descriptions of all contained structural fragments, topology
